Laser surface melting (LSM) pre-treatment was conducted before large area electron beam (LAEB) treatment in an attempt to eliminate the cracking of the amorphous layer. In our previous work, LAEB treatment successfully generated an amorphous layer on a cast polycrystalline Al-Co-Ce glass forming alloy. However, cracking was found and was associated with large and brittle Al 8 Co 2 Ce phase in the bulk material. Results show that prior LSM treatment in this present work can effectively refine the microstructure of as-cast material, decreasing the particle size and particle spacing of Al 8 Co 2 Ce phase. This decrease in the microstructural length scale greatly reduced the results of cracking of the amorphous layer. The LAEB pulse number required for the homogenisation and amorphisation of treated layer was also decreased for the laser pre-treated sample compared to as-cast material.
Introduction
Amorphous metallic alloys are capable of exhibiting attractive mechanical and chemical properties, especially corrosion resistance compared to the crystalline form of the same material.
The Al-TM (transition metal)-RE (rare earth) family of amorphous alloys is particularly promising for corrosion resistant applications [1] . Due to their wide range of glass forming compositions and tuneable corrosion resistance, Al-Co-Ce alloys have attracted attention from corrosion protection engineers and scientists [2] . However, the high critical cooling rate required to achieve the amorphous state limits the dimensions of bulk samples. Therefore, there is interest in using surface modification techniques to generate amorphous coatings or films from these alloys.
High intensity heat sources can rapidly heat and melt small, localised volumes of material, and achieve cooling rates that are sufficiently high to suppress crystallisation and hence produce an amorphous structure. For example, laser surface melting can produce cooling rates of ~ 10 5 K s -1 but electron beam surface melting can achieve even higher cooling rates, typically of the order of 10 8 -10 9 K s -1 [3] . These processes have generated amorphous phases in various Al-, Zr-and Cubased alloys [4] [5] [6] . Large-area electron beam (LAEB) irradiation, a recent variant of electron beam treatment, has several advantages such as a large beam size (~60 mm in diameter) which decreases processing time by decreasing the need for overlapping tracks. It has been used to polish mould surfaces [7] , increase hardness and wear resistance [8] , lower surface roughness, reduce the porosity of sprayed coatings [9] and, as demonstrated in our previous paper [10] , generate an amorphous layer when used to melt the surface of a cast Al-Co-Ce alloy. However, cracking of the amorphous layers was found to occur around large, pre-existing particles of the Al 8 Co 2 Ce phase. Laser processing is a well-known method of microstructural refinement, which has been applied on many alloys [11, 12] . The aim of the work reported here was to investigate whether a prior laser surface treatment stage could refine the microstructure of as-cast Al-Co-Ce alloy and eliminate the occurrence of this cracking.
Materials and methods

Materials
Bulk crystalline Al-Co-Ce alloy was cast under an argon atmosphere in an induction melting furnace. The composition of the as-cast material was Al 86.0 Co 7.6 Ce 6.4 (at.%) as determined by inductively coupled plasma optical emission spectrometry (ICP-OES) carried out by the Sheffield Assay Office (Sheffield, UK). The alloy composition is in the glass forming range for this type of alloy [13] . 15 mm ×15 mm × 4 mm samples of the as-cast material were cut for laser treatment, the surface was polished using 1 μm diamond paste. Following laser pre-treatment, a raised zone was produced in the centre of each laser track due to surface tension effects. Laser treated samples were then lightly polished again so that flat samples were exposed to the LAEB.
After polishing, laser treated material was finally cut into ~5 mm ×5 mm×4 mm pieces for the LAEB treatment with different number of pulses.
Laser surface treatment
A YLR-2000SM ytterbium fibre laser (IPG laser, GmbH, Germany) with a wavelength of 1070 nm and a Gaussian (TEM00) beam profile was operated in the continuous wave mode at a power of 2 kW throughout this work. A 600 µm diameter delivery fibre was used with a 192 mm focal length lens, producing a focused spot size with a measured diameter of 952 µm. In order to produce a useful larger beam diameter, the sample was positioned 5 mm below the focus, producing an incident spot size of 3.1 mm in diameter. Overlap of 20% of the track width was used between successive passes. The samples were clamped onto a moveable stage and treated in an argon atmosphere. Parameters for laser treatment are listed in Table 1 . Table 1 Parameters for laser microstructural refinement.
Distance from focus (mm) 5
Spot size in diameter (mm) 1.5 Sample traverse speed (mm·min -1 ) 6000
Overlap (% of track width) 20
Large area electron beam treatment
A PIKA electron beam surface finishing machine (PF32A) developed by Sodick, Japan was used for LAEB treatment. The detailed information of this machine was described in Walker's work [15] . Due to the small specimen size used in this study, the energy density on the whole sample surfaces can be considered constant. The distance between the sample surface and the electron beam source was approximately 300 mm. Before irradiation, the samples were fixed in a clamp on the sample stage, with two sides in contact with the clamp and a ~10 mm gap above the sample stage. Both as-cast and laser pre-treated samples were exposed to 8, 25 and 150 pulses of electron beam irradiation.
Microstructural characterisation
Before and after laser treatment, X-ray diffraction (XRD) was conducted using a Siemens D500 X-ray diffractometer (CuKα) with a step size of 0.02 ˚ and a time per step of 2 s. After electron beam surface treatment, glancing angle XRD (GAXRD) was undertaken using a Bruker D8
Advance diffractometer (CuKα) was carried out to analyse the treated surface layer in isolation from the bulk alloy. GAXRD patterns were collected with a step size of 0.02 ˚, a dwell time of 8 s per step and a 2 ˚ angle of incidence. AbsorbDX 1.1 software was used to calculate GAXRD penetration depth. These calculations showed the, 90% contribution, X-ray penetration depth varied with 2θ, ranging from 1.142 µm to 1.260 µm as 2θ varied from 15 ˚ to 50 ˚.
Sample surfaces and cross-sections were observed using a FEI XL30 scanning electron microscope (SEM) using backscattered electrons (BSE) to form the image. The semi quantitative composition of different phases was determined by energy dispersive X-ray spectroscopy (EDS).
Image analysis was performed using "Image J" software to characterise the laser track, including width and thickness of the track as well as size and spacing of the refined phase. The length of surface cracks were also measured using "Image J" based on four SEM images with magnifications of 300×, each image covering an area of 970 µm by 730 µm. Measured cracks had a minimum width of ~1.5 µm. The crack density was calculated through dividing the total measured length of all surface cracks by the total image area analysed, thereby determining the crack length per unit area. After measurements, the average value and standard derivation of crack density were calculated. For track width and depth and size and spacing of the refined phase, five measurements were conducted for each sample, again the results presented are the average and standard deviation.
Results
Microstructural characterisation of as-cast alloy
The as-cast Al-Co-Ce alloy is a multi-phase crystalline material containing four distinct phases and a two phase eutectic ( Figure 1a and Figure 2 XRD patterns of as-cast and laser pre-treated sample before large area electron beam treatment. Figure 3 shows the cross section of laser pre-treated sample. It can be seen that laser treatment produced a non-flat surface with ripples. These ripples above the dashed line as shown in Figure   3 were polished flat prior to LAEB treatment. After polishing, the sample still has at least 100 µm refined microstructure, which is far thicker than the possible LAEB treated layer thickness (always less than 10 µm). Generally, laser tracks have a width of 1.4 mm, and a maximum thickness of 333 µm. Compared with the untreated region, laser pre-treated region exhibits an obviously refined microstructure with the disappearance of large Al 8 Co 2 Ce phase particles. The details of the laser tracks are listed in Table 3 . Comparison of Figure 1a and b clearly shows that the microstructure of as-cast Al-Co-Ce alloy was greatly refined, which is also seen in Figure 7 . The initial as-cast material has large Accompanied with the decrease in particle size of Al 8 Co 2 Ce, the spacing between two neighbouring particles also decreases. For the as-cast material, the particle spacing is approximately 30 µm, while laser pre-treatment reduced this value to approximately 0.2 µm. In addition, for the sample subjected to laser pre-treatment, very few particles of primary Al 11 Ce 3 phase were observed in the treated samples (Figure 1b and Figure 1c ). Eutectic regions are also found in laser pre-treated sample (Figure 1b and Figure 1d ). Bright sub-micron lamellar phases were seen distributed in the darker matrix, which is similar to that seen in the as-cast material, i.e.
Microstructural characterisation following laser treatment of as-cast materials
bright Al 11 Ce 3 phase distributed in a largely pure Al phase. The overall composition of this eutectic region in the laser treated sample was analysed by EDS. Result shows a higher content of Ce compared to that in the as-cast material ( Table 2 and Table 3 ). It should also be noted that laser pre-treatment completely eliminated the Al 9 Co 2 phase present in the as-cast material. There are markedly fewer crystalline peaks in the GAXRD spectra of treated samples with laser pre-treatment (Figure 4b ). Those peaks that are present are significantly smaller than those in Figure 4 and an amorphous hump is seen at 2  37 o . Several small crystalline peaks can be seen in the GAXRD spectrum of sample which underwent laser pre-treatment and 150 LAEB pulses. Figure 5 shows the surface morphology of LAEB treated samples with different initial microstructures. For the samples without any laser pre-treatment, the LAEB remelted surface layer is still markedly heterogeneous after 8 pulses. With increasing numbers of pulses, this layer gradually becomes homogeneous. For the laser pre-treated samples, the remelted layer generally also becomes more uniform in composition with increasing number of pulses. However, it can be seen that this homogenisation is more rapid in the laser pre-treated sample. The composition of LAEB treated sample has become very uniform even after 8 pulses of irradiation. The length scale over which heterogeneities exist is decreased for the refined microstructures compared to the as-cast material after the same number pulses of LAEB irradiation.
Surface morphology
As seen in Figure 5 , small, round white particles were observed on the surface of all samples after LAEB treatment. Fewer, larger particles were seen on LAEB treated as-cast material, whereas a higher number of smaller particles were seen for laser pre-treated material. Full investigation of the native of these particles does not form part of the current work but will be considered in our future work. For the laser pre-treated sample, the extent of LAEB induced cracking was notably less compared to the as-cast material ( Figure 5 and Figure 6 ). For both type of samples, the extent of cracking increased with the number of pulses. However, for the laser pre-treated sample, the majority of cracking was generated within the first 25 pulses, accompanied by a small increase in the crack density with increasing the number of pulses from 25 to 150. However, in the case of the as-cast material, the majority of cracking formed within the first 8 pulses. Figure 6 Crack density of treated layers as a function of the number of LAEB pulses. phases over the distance of up to ~70 µm. However, in the case of laser pre-treated sample, the cracking stopped in the depth of ~20 µm, which is much shorter than that in the LAEB treated as-cast sample. In addition, the crack in the laser pre-treated sample after LAEB treatment was narrower compared with that in the as-cast material. 
Cross sectional morphology
Discussion
Microstructual refinement of Al-Co-Ce alloy by the laser pre-treatment
Laser surface melting melts a thin layer of material; this then rapidly cools and solidifies as heat is conducted away by the rest of the material, generating a refined microstructure. The microstructural refinement of the as-cast material was mainly shown by the decrease of particle size and particle spacing of the Al 8 Co 2 Ce phase. The proportions of the phases present have also been altered by laser treatment due to the high solidification speeds inducing non-equilibrium microstructures, in this case decreasing the amount of primary Al 11 Ce 3 . The rapid solidification also changed the composition of the Al-rich eutectic region by increasing the content of Ce in the Al-rich region, and eliminated the Al 9 Co 2 phase.
Effect of laser microstructual refinement on the amorphisation of Al-Co-Ce alloy layer
Generally, there are two necessary conditions for the amorphisation of Al-Co-Ce alloy in LAEB treatment. First, the crystalline phases melt and diffuse to obtain a homogeneous composition i,e.
the glass forming composition. This needs a sufficiently high temperature and enough time for the melting and diffusion. Therefore, when low cathode voltage or small number of pulses was used, the alloy cannot be transformed to amorphous state [10] . Second, upon obtaining a homogeneous composition, a fast enough cooling rate is a crucial condition for the alloy to form amorphous phase. The cooling rate following laser surface melting was sufficiently high to refine the microstructure of Al-Co-Ce alloy, but not to generate the amorphous layer. However, LAEB can produce cooling rates that are orders of magnitude larger, typically 10 8 -10 9 K s -1 [3] , these are high enough to enable the amorphous state to be achieved.
For the as-cast material, 8 pulses irradiation provides insufficient time for the molten layer to achieve a uniform composition. However, 25 pulses produces more extensive homogenisation.
Therefore, the alloy was amorphised after 25 pulses of irradiation, but not after 8 pulses. In the case of laser treated sample, the alloy microstructure was greatly refined. The time, and hence number of pulses, required for homogenisation, and hence amorphisation of the surface layer, decreases by the decreased particle size, particle spacing of the Al 8 Co 2 Ce phase. The decreased time required for microstructural homogenisation and amorphisation also reduced the danger of significant bulk sample pre-heating which could affect cooling rate and potentially make amorphisation less likely. Therefore, more extensive homogenisation, and amorphisation, is seen for fewer pulses in the laser refined material. In this present work, the alloy was greatly homogenised and amorphised after only 8 pulses ( Figure 5 ).
The reappearance of crystalline peaks in 150 pulses irradiated as-cast and laser treated material was seen in the glancing angle XRD results. The crystallisation may result from reduced cooling rates due to progressive temperature increase of the substrate with additional pulses [10] .
However, crystalline phases are only observed in the SEM image of 150 pulses irradiated as-cast material ( Figure 8 ) but not in that of laser treated material after the same electron beam irradiation. However, it should be noted that the absence of visible crystalline phases in the SEM image of the latter material may simply be due to a very small, sub-micron, crystal size. Figure 10a shows a schematic diagram of the cracking in the LAEB treated as-cast material. The LAEB surface treatment generates a thermal gradient in the material. After solidification, the hot treated layer contracts more than the cold underlying substrate. A tensile stress is generated in the surface, and near surface material, due to this differential contraction. If this tensile stress exceeds the fracture strength of any material in the near surface area then that material will crack.
Effect of laser microstructual refinement on the cracking control of Al-Co-Ce amorphous layer
LAEB treatment of as-cast Al-Co-Ce alloy showed that cracking was correlated with the existence of large Al 8 Co 2 Ce phase particles. This is due to the brittleness characteristic of this phase [10] . These large and brittle Al 8 Co 2 Ce phase particles act as easy crack initiation sites in the as-cast material, these particles also provide easy growth paths for the crack propagation, as shown in Figure 9a . Figure 10b shows the cracking in the laser pre-treated sample after LAEB irradiation. Laser pretreatment has eliminated the easy crack initiation sites and crack growth paths i.e. microstructural refinement has prevented the formation of large Al 8 Co 2 Ce phase particles. Hence cracking becomes less likely and the few cracks that do form are shorter and terminate rapidly in the relatively ductile refined microstructure ( Figure 9 ).
It should also be noted that the as-cast material contains a number of different phases which will have different coefficients of thermal expansion. Stresses arising from differential thermal expansion will contribute to crack generation. 
Future work
This work has shown the beneficial effect of laser microstructural refinement. However, it is clear that there are several aspects that require further investigation as well as potential improvements to the process. For example, it would be worth investigating if both microstructural refinement and amorphisation could be carried out by LAEB treatment. Investigation of residual stresses in the treated layer is also of interest, this would be of particular relevance for the generation of thicker treated layers.
Conclusions
 The microstructure of the as-cast Al 86.0 Co 7.6 Ce 6.4 (at.%) alloy was successfully refined by laser pre-treatment. The particle size and spacing of the Al 8 Co 2 Ce phase are decreased.
 The refined microstructure decreased the number of LAEB pulses required for the homogenisation and amorphisation of Al-Co-Ce alloy.
 Prior laser microstructural refinement successfully decreased the extent of cracking of the amorphous surface layer following LAEB.
 The suppressed cracking of laser pre-treated LAEB treated Al-Co-Ce amorphous layer was due to the removal of large, brittle, Al 8 Co 2 Ce phase particles. laser microstructural refined sample. Table 4 Parameters for laser microstructural refinement. Table 5 EDS results of different phases in the as-cast material as shown in Figure 1 . Table 6 Characterisation of laser pre-treated sample.
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